The orbital angular momentum (OAM) of light is a quantity explored for communication and quantum technology, its key strength being a wide set of values offering a large basis for q-working. In this context we have studied the vortex conversion from a red optical vortex to a blue one, for OAMs ranging −30 to +30. The conversion is realized in a rubidium vapor, via the 5 1/2 − 5 5/2 85 Rb two-photon transition done with a Gaussian beam at 780 plus a Laguerre-Gaussian beam at 776 with the OAM ℓ, producing a radiation at 420
I. INTRODUCTION
Optical vortices, because of their quantized orbital angular momenta [1 1 ] , are now widely explored for quantum optics, communication and technologies [2 2 ]. Beside the polarization -a well-known quantum variable of light with two possible values -the orbital angular momentum (OAM) theoretically ranges the [−∞, +∞] interval and in principle offers the possibility to work with a huge space of quantum variables. In the optical domain the state of the art of OAM generation is ~100ℏ for reconfigurable liquid crystals devices and ~10 000ℏ for non-reconfigurable spiral phase mirrors [3 3 ]
. Such values open possibilities for classical multiplexing [4 4 ] and quantum applications. Non-linear processes with OAMs have been experienced in atomic vapors, cold or not, for demonstrating storage and retrieval [5 5 ], amplification [6 6 ] or OAM transfer [7 7 ]. Among these processes, frequency-changing ones, e.g. from red to blue as in Ref. [7] , offer the great advantage of an unambiguous output signal. These experiments have been successfully demonstrated for small OAM values. To overcome the challenge of OAM use in a wide quantum basis, it is thus fundamental to explore these processes and characterize them with respect to large OAM values.
In this paper we report on vortex-conversion realized for OAMs ranging [−30, +30] and associated to a frequency change from 776 to 420 . Figure 1 illustrates the principle. The conversion uses the rubidium 5 1/2 -5 5/2 two-photon transition [8 8 ], realized with two co-propagating lasers, respectively at 1 = 780 and 2 = 776 , the laser at 2 being a Laguerre-Gaussian (LG) mode with an azimuthal number ℓ 2 = ℓ (its OAM) whereas the laser at 1 is a Gaussian (G) one, so ℓ 1 = 0. Both lasers are detuned from the 5 3/2 intermediate level, to minimize its population, its decay to the 5 1/2 level and to optimize the population of 5 5/2 level [9 9 ]. Then, the stimulated coherent emission generates a photon pair, respectively at = 5.23 and = 420 . The process is known as four wave mixing (FWM) induced by amplified spontaneous emission (ASE). With non-focused coaxial input beams, we show that the blue output vortex respects ℓ = ℓ and that the conversion is efficient up to |ℓ| = 30. This differs from previous experiments realized with focused input beams [7] that convert small OAMs. We also show that the blue output vortex has a ring size determined by the product of the input beams, a power decreasing with |ℓ| with respect to the input beams overlap and a propagation attesting a high-quality mode with a M 2 factor close to 1.
II. THE EXPERIMENT
The experimental scheme is shown in Fig. 2 . The vortex conversion is realized in a 10-cm long, 25 mm-diameter rubidium vapor cell which is heated and maintained at 130°C. The atomic density is then about 5 × 10 13 at/cm 3 . The atoms are illuminated by two co-propagating laser beams, one at 1 = 780 being a Gaussian beam, the second at 2 = 776 being a ℓ-vortex (a LG mode with the OAM ℓ). The two lasers are superimposed and circularly polarized with same handedness for efficiently realizing the 5 1/2 -5 5/2 two-photon transition [9] .
FIG. 2.
Experimental setup : a) PD detection giving the blue power and the FWM spectrum (blue) as 1 is scanned and the 5s-5p saturated absorption spectrum (black) for calibration; b) beam profile detection; c) OAM detection by the tilted lens method; d) propagation detection.
The laser at 1 is provided by an amplified laser diode (Toptica TaPro not represented in Fig. 2) , delivering a 1 , 1 -width radiation. Its frequency is controlled using a saturated absorption spectroscopy setup (not represented in Fig. 2 ) whose signal is shown by the black curve in Fig. 2(a) . The 1 -beam is fibered and routed to the cell. With a fibercollimator and lenses the beam is size-arranged to a waist 1 = 0.17 (so its Rayleigh range is 1 = 12 ) located inside the cell. The light power 1 illuminating the atoms is about 100 mW.
The ℓ-vortex at 2 is provided by a Ti-Sa laser (Coherent MBR-110 not represented in Fig. 2 ) delivering 1W, 1 width radiation. Its frequency is controlled by a 30 -resolution wavemeter (Burleigh WA-1100 not represented). The beam is transformed into a ℓ-vortex by imprinting a helical phase of helicity ℓ on its wavefront. To do that, we use a spatial light modulator (SLM Hamamatsu PPM X8267 not represented) in phase-modulation configuration, addressed by a computed hologram. The generated ℓ-vortex is close to a LG mode with a radial number = 0 and an azimuthal number ℓ. The ℓ-vortex is then size-arranged to get a ring radius ℓ and a Rayleigh range not too far from 1 and 1 . As observed in [10 10 ], ℓ is linear with ℓ (see Fig. 3(b) ). It ranges from ~0.07
for ℓ = 1 to ~0.7 for ℓ = 30. The corresponding Rayleigh range [11 11 ] varies from 4 cm for ℓ = 1 to 14 cm for ℓ = 30. A power of ℓ-vortex beam 2 of about 100 is sent to the cell.
The blue emission relies on the population transfer from 5 1/2 level to 5 5/2 level, which is optimum for a laser detuning ranging 1-2 [9] . With our laser powers, we have found an efficient blue emission at ≈ 1.5
. To understand this value let us check at the Rabi frequencies related to the excitations. Note that the Rabi frequency Ω 1 of the 1 -excitation to be considered in the process is not the value at the beam center (about 1.6 ) but the value at the radius ℓ which is lower (typically Ω 1~0 .1 for ℓ=10 ) and guaranties 1 2 2 ⁄ ≪ 1 and so a weak 5 3/2 population. The value of Ω 2 associated to the 2 -excitation is obtained at the maximum intensity of the ℓ-vortex, so located at ℓ . We get Ω 2 ~0.2 for ℓ = 10. Finally the effective Rabi frequency of the two-photon transition is
. Compared to 5 5/2 linewidth equal to 0.4 , that guaranties a full population transfer to the 5 5/2 level.
In our experiment, because the IR light at = 5.23 is absorbed by the glass cell, we only detect and analyze the blue output beam. For that, we separate it from the red input beams either by a prism or bandpass filters. Then, the blue light is analyzed with four detection branches, which are denoted from a) to d) in Fig. 2 .
Detection a) is a photodiode (PD) which records the spectral response of the FWM process (blue line of Fig 2(a) ) as 1 is scanned. Then, we fix 1 at the maximum of the emission and measure the blue power via the PD voltage. Typically, we get 80 for ℓ = 1 and 120 for ℓ = 30. Detection b) is a CCD camera placed at = 400 mm far from the cell which takes a picture of the created blue vortex. It allows us to determine its profile and its radius.
Detection c) is a CCD camera placed close to the focus point of a lens 1 = 500
to take a picture of the created blue vortex. As the lens 1 is tilted (typically by ~25°), this astigmatic device creates an auto-interference of the vortex. The number of dark fringes of the pattern being equal to the azimuthal number [12 12 ] allows us to determine the blue vortex OAM.
Detection d) is a CCD camera moving on a translation rail behind a lens 2 = 200 to take pictures of the blue beam at different positions and to analyze its propagation.
III. CONVERSION VS THE INPUT OAM
As first study, we have analyzed the blue intensity profile and its OAM versus ℓ. The profiles recorded by detection b) show that, for any ℓ value, the blue beam exhibits a ring profile (see examples in Fig. 3 ). The measured blue radius plotted versus ℓ is shown in Fig.3(b) to be compared to the input one ℓ . Although the input radius ℓ variation is linear, the output is not. With detection c) we have checked the OAM of the beams. As illustrated in Fig. 3(a) , the number of dark fringes are the same for the red input and the blue output. So we deduce ℓ = ℓ. This conclusion is without ambiguity for |ℓ| ≤ 11. For higher values, with our method, it was difficult to distinctly count the number of dark fringes; the error is estimated to 10%. As a conclusion, our measurement corroborates that mainly ℓ = 0 , as observed in [7] , and that the transfer occurs from the beam at 776 nm to the blue output. The two observations, i.e. ℓ = ℓ and nonlinear versus ℓ, are explained by considering the FWM process in the weak gain regime. Indeed, the FWM process which produces the blue field is described by a nonlinear term 3 1 2 * , where 3 is the non-linear susceptibility and ( = 1, 2, ) are the involved fields. As a consequence, the generation of is realized under phase-matching conditions, one of them being OAM conservation. In addition, in the weak gain regime, the amplitude is known to be proportional to the input field product 1 2 whose shape will explain the observed output radius .
Let us give precisions on phase-matching. It concerns the propagation phase, the azimuthal phase, the curvature phase and the Gouy phase. In the collinear beam geometry as used here, because of energy conservation, the propagation phase is conserved [13 13 ] giving + = 1 + k 2 where k i are the wave vectors. The azimuthal phase-matching [14 14 ], for collinear beams, implies ℓ + ℓ = ℓ 1 + ℓ 2 . With ℓ 1 = 0 and ℓ 2 = ℓ a priori many pairs {ℓ , ℓ } with ℓ + ℓ = ℓ are possible. But, because IR light is mainly created by ASE, then ℓ = 0 is mainly expected. In addition because and are very different, to get Rayleigh ranges and Gouy phases of same order of magnitude, ℓ = 0 is the most favorable case. It explains why ℓ b = ℓ is experimentally observed.
The curvature and the Gouy phases are radially and longitudinally dependent [15 15 ]. The curvatures being large, the curvature phases are nearly zero and correctly matched. ≫ , 1 the analysis of the solutions of Eq. (1) shows that in many cases, ≫ 1 and ℓ = 0 is the most probable solution.
Let us now consider the weak gain regime. For strong input fields 1 , 2 , the output blue field amplitude is proportional to the product of the inputs, so √ ∝ √ 1 2 where 1 and 2 are the beam intensities and Z is the amplification length. In practice, is the cell length for beams having long Rayleigh ranges, else is shorter. As a consequence, the blue intensity is proportional to 1 2 which thus determines (i) the ring size of the blue vortex and (ii) the conversion efficiency (see the following section).
For input beams, being a G and a one-ring LG mode, 1 and 2 are written as Then, the product 1 2 has a ring shape (see inset of Fig.3b 
Note that 12 is not proportional to ℓ , so no longer linear with ℓ. Eq. (3) has been used to fit the data in Fig. 3(b) . We have just added the propagation correction over = 400
. Model and data are in a good agreement.
IV. CONVERSION EFFICIENCY.
In a second study we have examined the conversion efficiency. For that, the blue power measured with the detection a) is compared to the red input power at 776 measured at the cell entrance. We have deduced the vortexconversion efficiency (the ratio). Figure 4 which spans the data for ℓ ranging [−30, +30] , in logarithmic scale, shows an efficiency which rapidly drops down as |ℓ| increases, typically one decade from |ℓ|=1 to 10. Data slightly depend on the sign of ℓ (difference~10%), probably due to a setup asymmetry in the ℓ-vortex generation which produces radii slightly larger for ℓ<0. In the weak gain regime, because the intensity is proportional to 1 2 we deduce that blue power is proportional to the quantity ℓ = ∫ 1 ( ) 2 
V. BLUE VORTEX PROPAGATION
In the last study we have analyzed the blue beam propagation to investigate the mode purity. Using detection d) we have recorded the blue wave shape along the propagation, measured the horizontal and vertical radii and plotted the variation versus [see data for ℓ=4 and 8 plot in Propagations curves have been fitted by the hyperbola function 0 √|ℓ|/2√1 + ( − 0 ) 2 / 2 where 0 is the waist at = 0 and the Rayleigh range. It provides the ² factor, as ² = ( 0 2 / )/ . We find ² very close to 1 for both horizontal and vertical analysis, for ℓ = 4 and ℓ = 8 (see Fig. 5 ) which attests the purity of the blue mode.
The good purity of the created vortex, compared to the input ℓ-vortex one (see Fig. 3a 19 ), is explained by the nonlinear source term. Being a field product this terms acts as a mode cleaner especially when ℓ is larger than 1 . The quality of the blue vortex is a great advantage for carrying information over a long distance or for using it as a pure LG source.
VI. CONCLUSION
The vortex-conversion performed in a Rb vapor in a nearly parallel geometry has shown an OAM transfer for high helicity waves [-30,+30] , to a wave with a different color. The efficiency is mainly governed by the input field overlap. Furthermore we show that the created blue vortex is LG mode with a high purity. That guaranties a good fidelity of the device viewed as an OAM transmitter and opens possibilities in the field of quantum variable manipulation (here the OAM) for quantum communication. [10] J. E. Curtis and D. G. Grier, Phys. Rev. Lett 90, 133901, (2003 (Fig.3(a) ) indicating that the mode is not perfectly pure.
15 For a one-ring LG mode the curvature phase is 2 /2ℛ( ) where ℛ( ) = (1 + 2 2 ⁄ ). The Gouy phase is (|ℓ | + 1) ( ) . ⁄ 16 The conservation of the Gouy phase implies ∑ (|ℓ | + 1) ( ) = 0 ⁄ where = ±1 for input/output waves. The derivative versus , taken at = 0, leads to ∑ (|ℓ | + 1)⁄ = 0.
